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A f t e r  seve ra l  hours o f  SPDE opera t i on  a t  t h e  des ign  o p e r a t i n g  p ressu re  o f  
15 MPa and frequency o f  105 Hz,  the engine was shutdown and disassembled 
because a s l i g h t  r u b  had occu r red  between t h e  d i s p l a c e r  and i t s  ma t ing  c y l i n -  
d e r .  Upon removal o f  t h e  regenerator  screens, c o n s i d e r a b l e  c r a c k i n g  of  t h e  
screens was noted and t h e r e  were loose p a r t i c l e s  and smal l  p ieces  o f  screen 
found b o t h  on t h e  ma t ing  hea te r  tube sheet and between t h e  screens. Th is  
r e p o r t  desc r ibes  t h e  r e s u l t s  o f  a f a i l u r e  i n v e s t i g a t i o n  o f  t h e  regenera to r  
screens and a s s o c i a t e d  d e b r i s  by m e t a l l u r g i c a l  a n a l y s i s .  

SPACE POWER DEMONSlRATOR ENGINE 

The SPDE i s  c u r r e n t l y  under t e s t  by M11. F i g u r e  1 shows the  engine, sus- 
pended f rom t h e  c e i l i n g  by f o u r  f l e x i b l e  s t r a p s .  The f l e x i b l e  suspension was 
used t o  demonstrate t h a t  t h e r e  was no d i s c e r n i b l e  v i b r a t i o n  d u r i n g  o p e r a t i o n .  
The engine i s  about 1.25 m i n  l eng th  and 0.33 m i n  d iameter .  A cutaway o f  t h e  
engine i s  shown i n  f i g u r e  2. The working f l u i d  i s  he l ium.  Heat i s  s u p p l i e d  
by m o l t e n  s a l t  which f l ows  through the  s h e l l  o f  t h e  h e a t e r .  An e thy lene -  
g l y c o l  s o l u t i o n  i s  c i r c u l a t e d  through t h e  s h e l l  o f  t h e  c o o l e r .  A d e t a i l e d  
d e s c r l p t l o n  o f  t h e  englne and i t s  o p e r a t i o n  i s  g i v e n  i n  r e f e r e n c e  1. Only a 
b r i e f  d e s c r i p t i o n  of i t s  o p e r a t i o n  I s  presented here.  

I n  the  S t i r l i n g  engine operat ion,  t h e  d i s p l a c e r  o s c i l l a t e s  a x i a l l y  and 
s h u t t l e s  t h e  h e l i u m  back and f o r t h  through t h e  h e a t e r ,  r e g e n e r a t o r ,  and c o o l e r .  
Heat i s  c o n t i n u o u s l y  added t o  t h e  hel ium as i t  passes th rough  t h e  hea te r  tubes. 
Heat i s  absorbed f rom and r e j e c t e d  t o  t h e  regenera to r  m a t r i x  d u r i n g  each h a l f  
o f  t h e  f l o w  c y c l e .  Heat i s  c o n t i n u a l l y  removed f rom the  h e l i u m  as i t  passes 
through the  c o o l e r  tubes. I t  i s  the v a r i a t i o n  i n  h e l i u m  temperature caused o y  
t he  s h u t t l i n g  o f  hel lurn back and f o r t h  through t h e  heat  exchangers, coupled 
w i t h  t h e  i n e r t i a l  f o r c e s  o f  t h e  moving d i s p l a c e r  and p l s t o n ,  t h a t  c r e a t e s  t h e  
p ressu re  wave which a c t s  upon t h e  face o f  t h e  power p i s t o n  t o  produce work. 
l h e  power p l s t o n  o s c i l l a t e s  a x i a l l y  as i t  e x t r a c t s  energy f rom t h e  p ressu re  
wave. Magnets i n  t h e  p lunger  assembly, a t tached  t o  t h e  p i s t o n ,  i nduce  a v o l t -  
age i n  t h e  c o i l  o f  t h e  s t a t o r  f rom which e l e c t r i c a l  power i s  e x t r a c t e d .  

S-I 1RI-ING ENGINE REGENERAl -ORS 

l h e  regenera to r  i s  one o f  t h e  m o s t  impor tan t  components o f  a S t i r l i n g  
engine.  I t  can be v i s u a l l z e d  as a thermal sponge o r  c a p a c i t o r  whose f u n c t i o n  
i s  t o  absorb and desorb l a r g e  amounts o f  heat  d u r i n g  each engine c y c l e .  Dur- 
i n g  t h e  f l o w  o f  h e l i u m  gas f r o m  the h e a t e r  t o  t h e  c o o l e r ,  t h e  h o t  gas e n t e r i n g  
t h e  r e g e n e r a t o r  t r a n s f e r s  I t s  heat  t o  t h e  meta l  screen m a t r i x ,  which a c t s  as a 
heat  s i n k .  Dur ing  t h e  subsequent f l ow  o f  h e l i u m  f rom t h e  c o o l e r  t o  t h e  h e a t e r ,  
t h e  c o l d  h e l l u m  e n t e r i n g  t h e  regenerator  i s  heated by t h e  screen m a t r i x ,  which 
a c t s  as a heat  source. Energy f l o w  i n  t h e  regenera to r  i s  ve ry  h igh ,  u s u a l l y  
t h r e e  o r  f o u r  t i m e s  t h e  energy f l o w  i n  t h e  hea te r  ( r e f .  2 ) .  

The m a t r i x  
s t a i n l e s s  s tee  
e f f e c t  i veness- 
volume, f r o n t a  
( r e f .  3 ) .  

o f  t h e  SPDE regenerator  c o n s i s t s  o f  l a y e r s  o f  woven Type 301 
screen. Parameters t h a t  i n f l u e n c e  t h e  screen regenera to r  

and t h e r e f o r e  engine performance- a r e  mesh s i z e ,  w i r e  t h i ckness ,  
area, and t h e  h e l l u m - t o - s c r e e n  heat  t r a n s f e r  c o e f f i c i e n t  
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. 

l h e  regenera to r  m a t r i x  f o r  each o f  t h e  opposed engines o f  t h e  SPDE i s  made 
up of  a s tack  o f  350 annu la r  shaped, 200 mesh, woven screens w i t h  a w i r e  t h i c k  
ness o f  41 pm. A s tack  o f  new regenerator  screens i s  shown i n  f i g u r e  3 .  The 
screens a r e  pressed i n t o  the  annular space a t  t he  base o f  t h e  hea te r  shown i n  
f i g u r e  4 ,  between t h e  d i s p l a c e r  c y l i n d e r  and hea te r  housing. The screens f i l l  
a r e g e n e r a t o r  l e n g t h  o f  about 2.54 cm. 

FAILURE OF 1HL SPDE REGENERAIORS 

She SPDE was operated a t  approx imate ly  7 . 5  MPa ( a t  about 70 H z )  f o r  a 
t o t a l  o f  7 5 . 4  h r .  Engine o p e r a t i n g  p ressu re  was then inc reased  t o  the  des ign 
p o i n t  o f  150 MPa/lO5 Hz and t e s t i n g  was con t inued  f o r  another  4 . 5  h r .  A t  t he  
des ign  p o i n t ,  t he  power o u t p u t  o f  t h e  engine was about h a l f  o f  t h e  p r e d i c t e d  
des ign  power l e v e l .  I h e  reason f o r  t he  power s h o r t f a l l  was n o t  known a t  t h i s  
t ime. 

Upon disassembly o f  t h e  engine, a c o n s i d e r a b l e  q u a n t i t y  o f  d e b r i s  was 
found i n  t h e  regenera to rs .  
l o c a t i o n  i n  t h e  regenera to r .  One type was c o l l e c t e d  f r o m  t h e  hea te r  tube 
sheet t h a t  i n t e r f a c e s  w i t h  the  h o t  s ide o f  t he  regenera to r .  7-he second was 
c o l l e c t e d  f rom between the regenerator  screens as t h e  regenera to r  s tack  was 
disassembled screen by screen. Both types o f  d e b r i s  w e r e  found t o  be mag- 
n e t i c .  I t  was speculated o r i g i n a l l y  t h a t  t h e  d e b r i s  m igh t  be pure n i c k e l ,  
f rom a c o a t i n g  on t h e  p i s t o n ,  o r  pleces o f  t h e  magnets i n  the  p lunger  assembly. 

I w o  types o f  d e b r i s  were c o l l e c t e d  based on t h e i r  

F i g u r e  5 i s  a photograph o f  t h e  top  screen s u r f a c e  o f  t he  regenera to r .  
Top screen r e f e r s  t o  t h e  regenerator  screen s u r f a c e  t h a t  faces the heater  tube 
sheet a t  t he  h o t  end o f  t h e  regenerator .  F i g u r e  5 ( b )  shows t h e  s u r f a c e  o f  a 
screen t h a t  was deeper down i n  t h e  regenerator  s t a c k -  app rox ima te l y  t w o  t h i r d s  
through the 350 screen s tack .  A h igher m a g n i f i c a t i o n  photograph o f  the t o p  
screen ( f i g .  6 )  shows more  c l e a r l y  the severe damage done t o  t h e  screen and 
the presence 0 1  p a r t i c l e s  f i l l i n g  some o f  t h e  screen openings. Specimens o f  
these regenera to r  screens and the c o l l e c t e d  d e b r i s  were prepared f o r  m e t a l l u r -  
g i c a l  examlnat ion.  

ME1 A L L U K G I C A L  ANALYSIS 

Ihe scanning e l e c t r o n  microstope (SEM) was used t o  examine t h e  screens i n  
t h r e e  c o n d i t i o n s ;  as - rece ived ,  i n r i d e  screen, and t o p  screen ( f i g .  7 ) .  An 
a s - r e c e i v e d  p i e c e  o f  screen i s  examined throughout t h e  a n a l y s i s  t o  s e r v e  as a 
r e f e r e n c c .  F i g u r e  7 ( a )  shows the  as r e c e i v e d  screen t o  have f l a t t e n e d  w i r e s  
a t  crossovers due t o  t he  manufactur ing process o f  t h e  screens. A f t e r  b c i q g  
r u n  i n  the  engine, a screen f rom i n s i d e  t h e  s tack  ( f i g .  7 ( b ) )  shows a d d i t i o n a l  
u n i f o r m  damage ( c r a t e r i n g )  and "ch ips "  o f  m a t e r i a l  on t h e  w i r e s .  The top  
screen, c l o s e s t  t o  the  heater  tubes shows severe damdge t o  t h e  w i r e s  
( f i g .  7 ( c ) ) ,  i n c l u d i n g  f r a c t u r e s  a t  crossovers,  u n i f o r m  c r a t e r i n g ,  p ieces o f  
w i r e  m iss ing ,  and w i r e  d e b r i s  f i l l i n g  screen openings. I n  l o o k i n g  a t  t he  
f r a c t u r e d  w i r e s  m o r e  c l o s e l y  t h e r e  i s  evidence o f  f a t i g u e  s t r i a t i o n s  ( f i g .  8 ( a )  
t o  ( b ) )  and f a t i g u e  c r a c k i n g  a t  t h e  saddle p o i n t s  o f  t h e  crossover  ( f i g .  8 ( c )  
t o  ( d ) ) .  
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Debr i s  found I n  t h e  engine was examined by SEM and i d e n t i f i e d  as Type 304 
s t a i n l e s s  s t e e l  by x- ray energy d i s p e r s i v e  spect roscopy ( X E D S ) .  X-ray d i f f r a c -  
t i o n  o f  t h e  debr l s ,  as-run- in-engine screens, and as - rece ived  screens, were 
found t o  c o n s i s t  o f  b o t h  face-centered-cubic  ( a  = 0.3607 nm) and body-centered- 
c u b i c  ( a  = 0.287 nm) phases. The d e b r i s  found i n  between t h e  regenera to r  
screens I s  shown t o  be p leces o f  screen ( f i g .  9 ( a )  t o  ( b ) ) .  The d e b r i s  found 
o u t s i d e  t h e  regenerator  i s  made up o f  s t a i n l e s s  s t e e l  " ch ips t1  l e s s  t h a n  20 pm 
i n  s i z e  ( f i g .  9 ( c ) ) .  The a r i s e  f r o m  t h e  d e f o r m a t i o n  o f  t h e  w i r e ,  a 
c h i p  b e i n g  f r a c t u r e d  f rom a w i r e  can be seen i n  f i g u r e  9 ( b ) .  
s i z e  they  were able t o  pass th rough  t h e  screen openings and e x l t  t h e  
regenera to r .  

Due t o  t h e l r  

M i c r o s t r u c t u r e s  o f  t h e  as-received and run - in -eng ine  screens were examlned 
by p e r f o r m i n g  standard m e t a l l o g r a p h i c  techniques.  O p t i c a l  micrographs show 
t h e  w i r e  crossovers t o  c o n t a i n  a h i g h l y  worked m l c r o s t r u c t u r e ,  w h i l e  away f r o m  
t h e  crossovers the m l c r o s t r u c t u r e  c o n s i s t e d  o f  equiaxed g r a i n s  ( f i g .  1 0 ) .  
Transverse sect ions o f  t h e  w i r e s  showed t h e  worked m i c r o s t r u c t u r e  t o  e x i s t  
across t h e  f u l l  t h i ckness  o f  t h e  w i r e s  a t  crossovers ( f i g .  l O ( c ) ) .  No v a r i a -  
t i o n  i n  m i c r o s t r u c t u r e  was observed between t h e  as - rece ived  and r u n - l n - e n g i n e  
screens. 

Microhardness measurements showed t h e  h i g h l y  worked m i c r o s t r u c t u r e  a t  
crossovers t o  be harder  than  t h e  equiaxed s t r u c t u r e  between crossovers 
( f i g .  l l ( a ) ) .  A comparison o f  hardnesses between as-received and r u n - i n -  
englne i s  shown I n  t a b l e  I .  Hardness o f  t h e  undeformed w i r e  was t h e  same f o r  
b o t h  c o n d i t i o n s .  The deformed w i r e  i n  t h e  run - in -eng ine  sample showed a s l i g h t  
decrease i n  hardness when compared t o  t h e  as - rece ived  sample. Microhardness 
measurements were made on t r a n s v e r s e  s e c t i o n s  f o r  t h e  comparison t o  be sure 
t h a t  an adequate t h i c k n e s s  o f  sample e x i s t e d  below t h e  i n d e n t a t i o n  f o r  v a l i d  
measurements ( f l g .  l l ( b ) ) .  F i g u r e  l l ( b )  a l s o  shows a 30 pe rcen t  r e d u c t i o n  o f  
w i r e  t h i c k n e s s  from t h e  undeformed w i r e  t o  t h e  deformed w i r e  a t  c rossover .  

DISCUSSION 

Debr is  found i n  t h e  engine was i d e n t i f l e d  as p ieces  o f  t h e  reqenera to r  

a bcc phase i d e n t i f i e d  by x r a y  d i f f r a c t i o n .  ihe  bcc phdse was a1:o fbL lnc i  I I  

t h e  as r e c e i v e d  screens. I t  has been shown by Manjoirre ( r e f .  4 )  t h a t  t h e  hcc 
phase may be present a f t e r  p l a s t i c  de fo rmd t ion  by t e n s i l e  o r  f a t i g u e  loading 
i n  l y p e  304 s t a i n l e s s  s t e e l .  l h e r e  i s  c l e a r l y  evidence o f  de fo rmd t ion  o f  the 
as rece ivcd  screen a t  c rossovcrs ( f i g .  1 0 ( a ) ) ,  which c a n  account for tlre bcc 
phase be ing  present . 

screens. The nldynetic behavior  o f  t h e  d e b r i s  :- 1 1  * - m ' - * n n n A  C A ) J ~ Q  i i i c u  htr uy t h n  C I I L  n r n c n n r n  L J -  ~ S L L  = f  

S e v e r a l  f d c t o r s  a r e  b e l i e v e d  t o  have c o n t r i b u t e d  t o  the f a t i g u e  f a l l u r e s  
o f  the screcn w i r e s  a t  c rossovers.  Ihese f a c t o r 3  i n c l u d e ;  r e d u c t i o n  o f  w i r c  
th i ckness ,  s t ress c o n c e n t r a t i o n ,  and h i g h l y  worked m i c r o s t r u c t u r e .  l h e  corn 
b i n d t i o n  of t h c  r e d u c t i o n  i n  w i r e  th ickness and t h e  a b i l i t y  o f  t h c  i n d i v i d u ( i 1  
screcris t o  movc, cau5es s t r e s s  c o n c e n t r a t i o n  a t  t h e  w i r e  c roxsovers .  l h e  
h i g h l y  workthd m i c r o s t r u c t u r e  was found t o  have a 65 pe rcen t  i n c r e a s e  i n  
hardrrcss ( t d b l e  1 )  hence, an eds icb r  l o c d t i o r i  f o r  c rack  i n i t i a t i o n  and 
subsequent f d t  i gue  f a i l u r e .  



I t  was l a t e r  l ea rned  t h a t  t h e  r e d u c t i o n  i n  w l r e  t h i c k n e s s  occurred because 
t h e  screen f a b r i c a t o r  had sub jec ted  each screen t o  a l i g h t  c o l d - r o l l  process.  
The r o l l i n g  process had reduced each screen t h i c k n e s s ,  a t  t h e  crossovers,  f r o m  
t h e  nominal  82 pm des lgn  t h i c k n e s s  t o  abu t  65 pm. These d imensional  changes 
were n o t  d e t e c t e d  p r i o r  t o  use o f  the screen, a l l o w i n g  t h e  screens t o  move 
f r e e l y  w i t h l n  t h e  regenera to r  c a v i t y .  

A f t e r  t h e  regenera to r  screen f a i l u r e ,  a s e r i e s  o f  d i a g n o s t i c  SPDE t e s t s  
were per formed t o  determine whether the damaged screens were t h e  cause o f  t h e  
s h o r t f a l l  i n  SPDE o u t p u t  power. I t  was found t h a t  t h e  power l o s s  c o u l d  be 
i s o l a t e d  t o  t h e  regenera to r  reg ion ,  but  t h e  s p e c i f i c  l o s s  mechanism t h a t  
caused t h e  r e d u c t i o n  i n  engine power was n o t  d e f i n e d .  However, n e a r l y  f u l l  
engine power recove ry  has been accomplished by use o f  a d l f f e r e n t  regenera to r  
m a t r i x  and regenera to r  c o n f i g u r a t i o n .  The loose-screen m a t r i x  was t e m p o r a r i l y  
rep laced  by a randomly o r i e n t e d ,  cont inuous w i r e  s i n t e r e d  m a t r i x .  
t i o n ,  a m a n i f o l d  gap was p r o v i d e d  between t h e  m a t r l x  and t h e  h e a t e r  and c o o l e r  
hea t  exchangers. I t  i s  n o t  known a t  t h i s  t i m e  t o  what e x t e n t  t h e  l oose -sc reen  
m a t r i x  c o n t r l b u t e d  t o  t h e  power l o s s .  

I n  add i -  

A new permanent des ign  o f  t h e  regenerator  i s  now be ing  f a b r i c a t e d  w i t h  t h e  
same Type 304 s t a i n l e s s  s t e e l  screens s i n t e r e d  t o g e t h e r  and brazed i n t o  a can 
f o r  I n s e r t i o n  I n t o  t h e  regenera to r  c a v i t y  as a u n i t .  T h i s  new des ign  w i l l  
p r e v e n t  I n d i v i d u a l  screen movement, reducing t h e  s t r e s s  c o n c e n t r a t i o n  a t  
crossovers.  O r i g i n a l l y ,  u n s i n t e r e d  screens were chosen over  s i n t e r e d  screens 
because o f  an expected improvement i n  performance. Exper imenta l  t e s t i n g  o f  
r e g e n e r a t o r  screens i n  lower  frequency S t i r l i n g  engines has shown t h a t  uns in-  
t e r e d  screen has b e t t e r  heat  t r a n s f e r  and f l u i d  f r i c t l o n  c h a r a c t e r i s t i c s  than  
s i n t e r e d  screen. However, as has been observed, i f  u n s i n t e r e d  loose-screen i s  
used i n  a regenera to r  m a t r i x ,  t h e  screens must be packed t i g h t l y  t oge the r  i n  
t h e  regenera to r  c a v i t y  I n  o r d e r  t o  prevent  any f l e x i n g  o f  t h e  I n d i v i d u a l  
screens by t h e  o s c i l l a t i n g  gas f l o w .  

CONCLUSIONS 

Debr is  found i n  t h e  S t i r l i n g  Space Power Demonstrator Engine was i d e n t i -  
f l e d  as p leces o f  d e t e r i o r a t e d  Type 304 s t a i n l e s s  s t e e l  regenera to r  screens. 
Magnetism o f  t h e  d e b r i s  was exp la ined  by t h e  presence o f  3 body--centered-cubic 
( b c c )  phase i n t r o d u c e d  by p l a s t i c  deformat ion o f  t h e  screens d u r i n g  f a b r i c a -  
t i o n .  F a i l u r e s  o f  t h e  screens occurred a t  w i r e  crossovers where t h e r e  was; 
30 pe rcen t  r e d u c t i o n  o f  w i r e  th ickness,  s t r e s s  c o n c e n t r a t i o n ,  and a h i g h l y  
worked m i c r o s t r u c t u r e ,  a l l  o f  which prov ided a s i t e  f o r  c rack  i n i t i a t i o n  and 
subsequent f a t i g u e  f a i l u r e .  A new design o f  t h e  regenera to r  uses s i n t e r i n g  o f  
t h e  screens i n t o  one u n i t  t o  c o n s t r a i n  i n d i v i d u a l  screen movement, thereby 
reduc ing  s t r e s s  c o n c e n t r a t i o n  a t  crossovers.  
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TABLE I. - MICROHARDNESSa OF AS-RECEIVED 
VERSUS RUN-IN-ENGINE SCREEN WIRES 

AS SHOWN IN FIGURE l l ( b )  

408247 

aMicrohardness us ing  a V i c k e r ' s  
i nden te r  and 25 g load.  

bAverage o f  15 measurements. 
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FIGURE 1. - SPACE POWER DEMONSTRATOR ENGINE (SPDE).  THE STIRLING ENGINE IS  A TWO-CYLINDER, 
OPPOSED-PISTON/ALTERNATOR CONFIGURATION WITH A LENGTH AND DIAMtTER OF 1.25 AND 0.33 METERS 
RESPECTIVELY. 

a 

FIGURE 2. - CUTAWAY OF ENGINE SHOWING LOCATION OF REGENERATOR. 
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FIGURE 3. - STACK OF 350 TYPE 304 STAINLESS STEEL REGENERATOR SCREENS. 

\- - t 

FIGURE 4. - DISASSEMBLED t N G I N E  SHOWING ANNULAR SPACE AT THE BASE OF THE HEATER WHERE 
REGENERATOR SCREENS ARE LOCATED. 

8 



(A)  TOP SCREEN (CLOSEST TO HEATER TUBES). 

(B)  INSIDE SCREEN (ABOUT 213 OF THE WAY INTO STACK). 

FIGURE 5 .  - REGENERATOR SCREENS AFTER 80 HOURS OF ENGINE OPERATION. 
SUBSTANTIAL DAMAGE TO SCREENS IS EVIDENT. 
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FIGURE 6. - HIGHER MAGNIFICATION OF SCREEN I N  FIGURE 5 ( A ) .  NOTE SEVERE LOSS OF SCREEN WIRES 
AND PARTICLES F I L L I N G  SCREEN OPENINGS. 

P 
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( A )  AS-RECEIVED. MFORMATION AT CROSSOVERS 

( B )  I N S I D E  SCREEN. SLIGHT DAMAGE. 

FIGURE 7 .  - SCANNING ELECTRON MICROGRAPHS OF REGENERATOR SCREENS. S I G N I F I C A N T  INCREASE I N  DAMAGE 
TO THE WIRES FROM ( A )  TO t c ) .  
CAN BE SEEN I N  ( c ) .  

FAILURES AT WIRE CROSSOVERS. SMALL CHIPS AND A LARGE PARTICLE 
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I ( c )  TOP SCREEN, SEVERE DAMAGE. 

FIGURE 7. - CONCLUDED. 
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FIGURE 8. - SEM MICROGRAPHS OF ENDS OF FAILED WIRES SHOWING OCCURRENCt OF FAILURE AND CRACK- 
ING AT WIRE CROSSOVERS AND FATIGUE STRIATIONS. 

4 
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FIGURE 8. - CONCLUDED. 

I 

14 



( A )  COARSE M B R I S  FOUND BETWEEN SCREENS. 

(B)  SMALL PIECE OF SCREEN FOUND I N  BETWEEN SCREENS. 

FIGURE 9.  - DEBRIS FOUND I N  ENGINE. ALL PARTICLES WERE IDENTIF IED BY XEDS AS TYPE 304 STAIN- 
LESS STEEL. THE EXTENSIVE CRATERS I N  ( B )  CORRESPOND WITH THE PARTICLES I N  ( C ) .  
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(C )  F I N E  DEBRIS FOUND ON HEATER TUBE SHEET. 

FIGURE 9. - CONCLUDED. 
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(A )  LONGITUDINAL SECTION OF WIRE AT CROSSOVER, 

(B) TRANSVERSE SECTION OF UNDEFORMED WIRE 

F IGURt  10. - OPTICAL METALLOGRAPHY OF SCREEN WIRES SHOW A HIGHLY WORKED STRUCTURE AT 
CROSSOVERS. ETCHED ELECTROLYTICALLY USING 8 VOLTSA AMPERE I N  A SOLUTION OF 10 PER- 

CENT CHROMIC ACID I N  WATER. 
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(C) TRANSVERSE SECTION OF DEFORMED WIRE CROSSOVER. 

FIGURE 10. - CONCLUDED. 
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( A )  MICROHARDNESS TRAVERSE THROUGH A WIRE CROSSOVER. 

(B) MICROHARDNESS OF A DEFORMED WIRE (AT WIRE CROSSOVER) AND AN UNDEFORMED WIRE.  

F IGURE 11. - OPTICAL MICROGRAPHS OF MICROHARDNESS INDENTATIONS SHOW V A R I A T I O N  OF MICRO- 
HARDNESS. 
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The crossovers were determined t o  c o n t a i n  a 30 p e r c e n t  r e d u c t i o n  I n  w i r e  t h i c k -  
ness and d h i g h l y  worked m i c r o s t r u c t u r e  o c c u r r i n g  f rom t h e  manufactur ing nrocess  
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